The deformation of Newtonian droplets with zero interfacial tension in a Newtonian matrix is studied in simple shear flow for viscosity ratios ranging from 0.095 to 10.29. The experiments use a counterrotating Couette apparatus driven by independent servo motors, with a control scheme that keeps the droplet centered under a video camera. Droplet deformation is measured by analyzing the video images, using the method of moments. Both the matrix and the droplet are silicone oils, and the droplet contains a fluorescent dye. Low-viscosity droplets stretch monotonically, while higher viscosity droplets may stretch, wobble, or tumble. The theory of Wetzel and Tucker (2000) for ellipsoidal droplets with zero interfacial tension is compared to the data, by adjusting those portions of the initial shape and orientation that are not observable in the experiment. The agreement is excellent in all cases, requiring only that the initial droplet shape be close to an ellipsoid.
Introduction
Polymer blends are attractive because they offer the ability to easily tailor a material for a specific application. Most blends are immiscible, and so have a two-phase microstructure. The properties of such a blend are highly dependent on its microstructure, which can change significantly during processing. Thus, there has been considerable interest in modeling the microstructures of blends during flow.
One important family of models begins with the theory of Doi and Ohta (1991) . In this theory the microstructure is described by the interfacial area per unit volume and by a tensor that contains information about the orientation of the interfaces. The Doi-Ohta theory explains how interfacial tension contributes to the overall stress, and it provides evolution equations for the microstructural variables. This model has proved very useful in explaining the complex rheological response of blends (e.g. Vinckier et al., 1996) . When the theory is extended to account for the finite volume of second-phase droplets, it accurately models the retraction of droplets under interfacial tension (Almusallam et al., 2000) . Other extensions and related theories have been developed by Ait-Kadi (1994, 1998) ; ; Wagner et al. (1999) . The Doi-Ohta theory assumes that both phases have the same viscosity, so when interfacial tension is small it predicts that the interfaces (and both phases) deform affinely. This is not the correct physical response when the two fluids have different viscosity.
A second approach is to regard the blend as a dispersion of droplets in a continuous matrix. While the behavior of individual droplets can be modeled by direct numerical simulation (e.g. Kennedy et al., 1994; Cristini et al., 1998) , this type of computation is currently too expensive to be useful in complex flows. A variety of closed-form models for Newtonian droplets have been developed, but these are either limited to small deviations from a spherical shape (Taylor, 1932; Cox, 1969; Frankel and Acrivos, 1970; Barthés-Biesel and Acrivos, 1973; Rallison, 1980) or use slender-body theory and can only be applied after the drop is highly elongated (Taylor, 1964; Acrivos and Lo, 1978; Khakhar and Ottino, 1986) . Maffettone and Minale (1998) have recently proposed a phenomenological theory which assumes that the droplet has an ellipsoidal shape, and which asymptotically matches several results of the small-deformation theories. Wetzel and Tucker (2000) developed a theory for the deformation of ellipsoidal droplets having a different viscosity than the matrix but zero interfacial tension. Their theory is based on a classical result from solid mechanics, the inclusion model of Eshelby (1957 Eshelby ( , 1959 . Eshelby developed an exact solution for the stress in and around a linear elastic ellipsoidal inclusion in a linear elastic matrix. The extension of this result to Newtonian fluids was first realized by Bilby, Eshelby, and Kundu (1975) , who developed solutions for an axisymmetric droplet in uniaxial elongation and an elliptic cylinder in planar elongation. The threedimensional ellipsoid in planar elongation was analyzed by Howard and Brierley (1976) , and the general response of two-dimensional droplets (elliptic cylinders) in two-dimensional flow was analyzed by Bilby and Kolbuszewski (1977) . Wetzel and Tucker developed the mathematical apparatus for handling threedimensional ellipsoidal droplets with otherwise arbitrary shape and orientation in general three-dimensional flows, thus making direct comparisons with experiments possible.
While there have been many experimental studies on droplets with interfacial tension (e.g. Stone, 1994) , only a few experiments with zero interfacial tension have been reported. Kalb et al. (1981) made measurements in planar elongation flow using a four-roll mill. At low strains a droplet that was more viscous than the matrix stretched more slowly than the applied deformation, while a droplet that was less viscous stretched faster. All droplets stretched at the same rate as the applied deformation when they became sufficiently elongated. Wetzel and Tucker's theory shows good agreement with the elongation rates at both small and large strains, but the crossover point between the two regimes is not predicted accurately (Wetzel and Tucker, 2000) . This may be due to non-ideal features in the experiments.
A single experiment in simple shear flow for a droplet with zero interfacial tension and a viscosity ratio of 21 appears in the data set of Torza, Cox, and Mason (1972) . This droplet exhibited periodic rotation and periodic change of length. Wetzel and Tucker's theory also predicts periodic rotation for this droplet, but the quantitative agreement is only fair if the initial shape is assumed to be spherical. If the initial shape is assumed to be significantly flattened along the vorticity axis, then agreement for both the period of rotation and the deformation is excellent. This paper presents experiments on droplet deformation in simple shear flow with zero interfacial tension, for a range of viscosity ratios. The main goal is to test the theory of Wetzel and Tucker. We also compare the experiments to the theory of Maffettone and Minale. Section 2 briefly reviews the theories, and describes the different types of behavior that zero-tension droplets may exhibit in simple shear. Section 3 describes the apparatus, an electronically controlled Couette device that automatically keeps the droplet centered in the field of view of a video camera. The production of well-shaped initial droplets is found to be a major experimental issue, and the initial shape cannot be precisely controlled. Furthermore, because we only use one view of the droplet for measurements, the three-dimensional initial shape is not fully accessible. We account for this by adjusting the initial shape and orientation of the droplet to match each theory to the observed data. Section 4 presents the results, which show excellent agreement with Wetzel and Tucker's theory. Low-viscosity drops stretch indefinitely, while high-viscosity drops can tumble or wobble. The selection between tumbling, wobbling, and stretching depends on the viscosity ratio and on the initial shape and orientation of the droplet.
Theory
The theory of Wetzel and Tucker (2000) begins with an ellipsoidal droplet. In Cartesian coordinates, points on the surface of the droplet satisfy
or, in indicial notation,
Here summation on repeated indices in implied. G ij is a symmetric second-order tensor that describes the instantaneous shape of the droplet. The eigenvectors of G ij are the principal axes of the ellipsoid, and the eigenvalues are 1/a * 2 , 1/b * 2 , and 1/c * 2 , where a * , b * , and c * are the principal semi-axis lengths of the ellipsoid (Fig. 1) . Consider a Newtonian droplet with viscosity µ * in a Newtonian matrix with viscosity µ. (Quantities with stars are associated with the droplet). The local Reynolds number is assumed to be negligible, so the only parameter in the problem is the viscosity ratio λ ≡ µ * /µ. The matrix is subjected to a far-field velocity gradient L ij = ∂v i /∂x j , and we wish to know how the droplet shape changes with time. Velocity and surface traction are continuous across the droplet surface.
Applying the result of Eshelby (1957) , one finds that within the droplet the velocity gradient is uniform. This remarkable result, also derived by Goddard and Miller (1967) and implicit in the model of Roscoe (1967) , is valid only for an ellipsoidal droplet in a Newtonian matrix. It is convenient to separate the velocity gradient into a rate of deformation tensor
The Eshelby result for the droplet velocity gradient can then be conveniently expressed as (Wetzel and Tucker, 2000 )
Here B ijkl and C ijkl , called the strain-rate and vorticity concentration tensors, respectively, are analytical functions of the viscosity ratio λ and the droplet shape as described by G ij . Full details on the computation of these tensors are given elsewhere (Wetzel and Tucker, 2000; Wetzel, 1999) . Equation (2.3) shows that the droplet stretches in response to the far-field deformation, rotates with the far-field vorticity, and also acquires a rotation due to the far-field deformation. This latter term is non-zero if the droplet is elongated and the droplet axes do not coincide with the principal axes of far-field stretching.
Once the droplet velocity gradient L * ij is known, one can differentiate Eqn. (2.2) to find the rate of change of the droplet shape tensor. The result iṡ
Since the velocity gradient is uniform within the droplet, any droplet that starts as an ellipsoid will always deform into an ellipsoid. Thus, the theory is exact within the stated assumptions. This theory reproduces several classical results as special cases (Wetzel and Tucker, 2000) . First, when λ → ∞ and the droplet shape is axisymmetric, it gives Jeffery's equation (Jeffery, 1922) for the rotation of a rigid ellipsoidal particle. Second, for spherical droplets it reproduces the result of Taylor (1934) and Cox (1969) , which gives
In the limit of zero interfacial tension, the theory of Maffettone and Minale (1998) corresponds to Eqn. (2.4) when Eqn. (2.5) is used for L * ij . According to Wetzel and Tucker's theory, an ellipsoidal droplet suspended in a simple shear flow can execute one of several motions, depending on the balance between deformation and vorticity. If the viscosity ratio is low, approximately λ < 3, then the droplet will stretch without bound as the suspension is sheared. In general the droplet stretch rate will not equal the far-field stretch rate, so affine deformation gives only a rough approximation to the droplet shape unless λ = 1. If λ < 1, the droplet gets wider along the vorticity axis as it is stretched. Droplet widening was observed in viscoelastic fluids with λ = 0.34 and 0.13 by Levitt and Macosko (1996) and attributed to viscoelastic effects, but the effect is also predicted for Newtonian fluids (Wetzel and Tucker, 2000) .
For higher viscosity ratios the droplet may exhibit a behavior called tumbling, in which the droplet axes lying in the shear plane rotate periodically through 2π radians, with a motion reminiscent of the Jeffery orbits of rigid fibers. Depending on its initial shape and orientation, the droplet may instead display wobbling behavior, in which its major axis oscillates back and forth on either side of the flow direction but never rotates completely. Initially spherical drops with interfacial tension and a high viscosity ratio cannot be broken in simple shear because they execute tumbling or wobbling motions.
The behaviors of stretching, tumbling, and wobbling for droplets with zero interfacial tension were first analyzed by Bilby and Kolbuszewski (1977) for elliptic cylinders. (They referred to tumbling and wobbling as rotation and oscillation, respectively). They showed that these two-dimensional "droplets" would only stretch when λ < 2, only stretch or wobble when 2 < λ < 3.4035, and only wobble or tumble when λ > 3.4035. Wetzel and Tucker (2000) predicted all three behaviors for various three-dimensional drops, but the boundaries between the different regimes in terms of λ and the initial shape were not mapped, owing to the many possible initial shapes and orientations of a three-dimensional droplet.
Experimental apparatus and methods

General description
Measurements were carried out in the Couette device sketched in Figs. 2 and 3. This apparatus consisted of two PMMA cylinders, 60 mm in depth, with an inner cylinder radius of 63.9 mm and an outer cylinder radius of 83.3 mm. The cylinders were rotated in opposite directions by independent servo motors (Parker Hannifin). Gear heads (55:1) were added to the motors to provide appropriate velocities and torque. The cylinders were connected to the motor shafts by rubber couplings, which gave a smooth and rapid response to any changes in motor velocity.
A black-and-white CCD video camera was positioned on an optical rail above the cylinders, with the optical axis parallel to the cylinder axes. 8-bit gray-level images from the camera were passed to an image analysis system, which was used both to control the motors and to acquire droplet shape data. The droplets contained a fluorescent dye, and an ultra-violet light illuminated the droplet. An ultra-violet filter was inserted in front of the CCD camera to improve the contrast of the image.
A personal computer running the LabVIEW R software (National Instruments) simultaneously controlled the two motors and the camera, and performed the image analysis. The software was built using several packages, including Motion ToolBox R (Parker Hannifin Corporation) for motion control, Imaq R for image analysis, and NI Imaq R for image acquisition (the latter two from National Instruments). A detailed description of the experimental apparatus is given by Comas-Cardona (2000) .
Flow kinematics and motion control
For a two-dimensional, steady, Newtonian, isothermal Couette flow, the velocity field in the gap is given in cylindrical coordinates by
with Ω 2 the angular velocity of the outer cylinder, Ω 1 the angular velocity of the inner cylinder, R 2 the radius of the outer cylinder, and R 1 the radius of the inner cylinder (Fig. 3) . Note that Ω 1 and Ω 2 have opposite signs. By differentiating Eqn. (3.1), the shear rateγ can be easily deduced:
Since the shear rate between the two cylinders is not uniform, it is important to know the radial position r * of the droplet in order to calculate what angular velocity to apply to the cylinders. It is also important to keep the droplet stationary with respect to the camera. This requires v θ to be zero at the radial position r * . To achieve these goals, a proportional-integral controller was incorporated into the software. The controller adjusted the angular velocities of the cylinders so that the inclusion was kept at the center of the image with an accuracy of few pixels and the shear rate was held constant. Using Eq. (3.2), we can maintain the desired shear rateγ by satisfying
while the proportional-integral control scheme keeps the droplet centroid position x close to zero by choosing
The x axis is the horizontal axis of the image; it is parallel to the θ direction at the image center, x = 0. Solving these equations for Ω 1 and Ω 2 , we find
)
The controller continuously integrated Eqn. (3.4) to find 2∆Ω and used Eqns. (3.5a) and (3.5b) to set Ω 1 and Ω 2 , which were then passed to the motor controllers. The motors were operated in velocity control mode, with acceleration limits of ±10 rad/s 2 . The gains k p and k i were tuned manually to obtain a rapid response without oscillations or overshoot. The experiments used k p = 4.0 and k i = 2.5, where lengths are in pixels and times are in seconds. The proportional-integral controller modified the angular velocities between ten and twenty times per second.
Droplet production
Silicone oils (Silicone Oil 200 fluid, Dow Corning) were used for both the droplets and the matrix, in order to obtain a variety of viscosity ratios while maintaining effectively zero interfacial tension. The droplet fluids were dyed with 0.05 % of Thermoplast R Yellow 104 (BASF Corporation), which fluoresces under ultraviolet light. In all cases the matrix was 10,000 cs grade silicone oil with no dye. This gives a Taylor number of less than 0.02, so there is no inertial instability in the matrix. Four different drop viscosities were tested, with nominal viscosity ratios of 0.1, 1.25, 6, and 10. The actual viscosities of the droplet and matrix fluids were measured using a Brookfield viscometer at 21 o C. The matrix fluid has a mean viscosity of 11,800 centipoise at the test temperature. Table 1 gives the actual viscosity ratios based on the measurements, together with their 95% confidence limits. Details of the viscosity statistics are given by Comas-Cardona (2000) .
It is easy to create a spherical initial droplet when interfacial tension is present. However, without interfacial tension one cannot simply inject droplet fluid into the matrix and obtain a droplet with a smooth, compact shape. For this study the initial droplets were created by the following procedure. First, drops were formed by injecting droplet fluid into a small container of ethanol, using a syringe. Because of interfacial tension effects, the silicone oil drops became spherical after few seconds in the ethanol. Then the container was taken into a liquid nitrogen dewar, and carefully left above the liquid nitrogen level to freeze the silicone oil without freezing of the ethanol. Since the glass transition temperature of the silicone oil is close to −40 • C and the freezing temperature of the ethanol is −117 • C, the silicone oil droplet froze before the ethanol. Once the drop was frozen, it was taken out from the ethanol and maintained above the liquid nitrogen level, until it was carefully and quickly inserted between the concentric cylinders with cold tweezers. The droplet was then allowed to equilibrate at room temperature before starting the experiment. This procedure helped to obtain smooth and compact droplets. However, the initial droplet shapes were not necessarily spherical, and it was not possible to control their precise shape or orientation. The initial radius of all droplets was approximately 1 mm. This gives a particle Reynolds number of approximately 0.04, so droplet inertia is negligible. Figure 4(a) shows what was considered to be an excellent initial droplet shape, and Fig. 4(b) shows a poor initial shape. When droplets like Fig. 4(b) are deformed, they quickly become quite different from an ellipsoid in shape. When this behavior was observed the experiment was stopped and a new droplet was tried.
Another non-ideal feature that could arise was the creation of "tails". For high viscosity ratio droplets, small protrusions on the surface of the droplet could stretch into one or two tails. If the developing tails were large, as shown in Fig. 4(c) , they tended to wrap around the droplet. In this case the experiment was stopped and a new droplet was tried. Alternately, when the tails were thinner, they stretched and thinned. After few rotations of the central droplet, the tails eventually disappeared. The resulting nearly-ellipsoidal droplet was taken as the initial shape, and subsequently behaved as predicted by the theory.
Image analysis
The digital image was 400×350 pixels, corresponding to a physical area of approximately 11×9 mm. This contained the inclusion and the surrounding matrix, but not the cylinder walls. Not having the walls in the picture allowed much easier detection of the particle during image analysis. The CCD camera was positioned so that the center of the picture coincided with the center of the gap. Particle deformation measurements were performed at a rate of once a second, with typical experiment having a shear rate of 0.3 s −1 . Each raw image was subjected to several morphological transformations. First, thresholding was performed on the 8-bit picture, separating the image into objects and background regions. Depending on the number and size of impurities in the matrix, more than one object might be detected. Those unwanted objects were eliminated based on their size. Then a convex contour was added to the remaining particle, in order to smooth the edges of the droplet.
The droplet shape is a three-dimensional ellipsoid whose principal axes are not necessarily parallel to the laboratory axes. However, the projection of an ellipsoid onto the x-y plane is exactly an ellipse. If we describe the boundary of this ellipse with a two-dimensional shape tensor S ij , such that S 11 x 2 + S 22 y 2 + 2S 12 xy = 1 (3.6) the ellipse shape tensor is related the shape tensor of the three-dimensional ellipsoid by Comas-Cardona (2000)
The eigenvectors of S ij are 1/a 2 and 1/b 2 , where a and b are the semi-axes of the projected ellipse, and the eigenvectors of S ij give the orientation angle φ between the major axis of the ellipse and the coordinate axes (see Fig. 1 ).
Values for a, b, and φ were extracted from the experimental images using the method of moments. For each image, the moment of inertia tensor was computed as
where x 0 and y 0 are the coordinates of the centroid of the ellipse in the x − y plane. For an ellipse, the eigenvalues of the moment of inertia tensor are
Using Eq. (3.10), the semi axes a and b can be evaluated as
Since the moments of inertia were given in pixel units, the moment tensors from the experiments were normalized using the first data point of the experiment. This normalizing factor was
A program for extracting eigenvalues and eigenvectors was used to find I 1 , I 2 and φ for each experimental image. Equation (3.11) then gave a and b, in normalized units, for each time during the experiment.
Comparing theory to data
To obtain theoretical values to compare to the experiments, the evolution equation (2.4) was integrated in time using a fourth-order Runge-Kutta algorithm with adaptive step sizing (Press et al., 1992) . This gives the three-dimensional shape and orientation of the droplet at each time during the experiment.
In these experiments the three-dimensional initial shape of the droplet cannot be precisely controlled, and is not fully accessible to measurement. From the initial image only three of the six independent components of G ij can be found. To address this, we adjusted the initial shape of the droplet to obtain the best possible fit of the theory to the data. Small changes in the viscosity ratio, within the 95% confidence limits of our measurements, were also allowed to improve the fit.
The fitting was accomplished using the DOT 3.0 optimization package (Vanderplaats, Miura & Associates, Inc). As an initial guess we used a droplet that matched the observed values of a, b, and φ, is axisymmetric, and had two of its principal axes parallel to the x-y plane. The values of a, b, and φ then determine G 11 , G 22 , and G 12 , while G 33 was initially set equal to G 22 , and the off-diagonal terms G 13 and G 23 were initially set to zero. Side constraints were used to keep G 13 and G 23 small compared to the G 12 component that represents the orientation in the x-y plane.
The objective was to minimize the root mean square error e,
(e 2 xx + e 2 yy + 2e 2 xy ) (3.13)
where e ij is the error tensor between the theory and experiments:
(3.14)
Here I exp ij is the normalized moment of inertia tensor from the experiments, I th ij is the normalized moment of inertia tensor from the theory, and N is the number of data points in the experiment.
The optimization code integrates Eqn. (2.4) to find the evolution of the droplet shape, uses Eqn. (3.7) to obtain moment of inertia tensors, and compares the fit to experimental data using Eqns. (3.13) and (3.14). It then adjusts the initial values of G ij and λ, and repeats the calculation. This continues until a local minimum is found. Note that only the initial condition is adjusted to fit the time-dependent data for an entire experiment.
When fitting Wetzel and Tucker's theory to the data, Eqn. (2.3) provided the droplet velocity gradient L * ij , while Eqn. (2.5) provided L * ij for Maffettone and Minale's theory. For the latter theory, meaningful fits were obtained for experiments that exhibited stretching, but the fits were not meaningful when the data displayed tumbling or wobbling. In these cases we show the predictions of Maffettone and Minale's theory using the initial condition obtained by fitting Wetzel and Tucker's theory. 
Results
The apparatus was validated by tracking the rotation of a rigid fiber in simple shear flow (Comas-Cardona, 2000) . The results accurately match the predictions of Jeffery (1922) , showing that the apparatus accurately controls the strain rate and measures the orientation of the particle.
A variety of droplet experiments were performed, and only selected results are presented here. Results are reported in terms of the directly-observed quantities a, b, and φ. Note that these describe the elliptical image as seen by the camera, but do not completely describe the three-dimensional droplet shape. Table 2 gives the initial droplet shapes and the viscosity ratios that were used to fit Wetzel and Tucker's theory to the experiments. The table also gives the initial semi-axis lengths a * , b * and c * , and the angles θ o and φ o defining the initial orientation of the longest axis of the droplet. φ is defined in Fig. 1 , and θ is the angle between the droplet axis and the z axis. Figure 5 shows data for a droplet with λ = 10.29 that tumbles. The initial orientation is close to φ = 90
High viscosity ratio
• . As the droplet rotates towards φ = 0 its long axis stretches and its short axis contracts. One past φ = 0 the long axis of the droplet contracts and the short axis expands, until the droplet reaches φ = −90
• and the cycle begins again. The rotation continues undamped for many cycles. This behavior is captured nicely by Wetzel and Tucker's theory, and the agreement between theory and experiment is excellent. Maffettone and Minale's theory correctly predicts that this drop tumbles (the angle data is not shown in Fig. 5(b) for clarity), but the predicted period of rotation is too small by almost a factor of two. Other droplets with this viscosity ratio were observed to wobble, the difference arising from a different initial shape and orientation. 
Low viscosity ratios
For low viscosity ratios we expect stretching behavior. Figure 6 shows this behavior for a viscosity ratio of 1.23. In Fig. 6 the semi-axis a stretches without bound while the semi-axis b thins. The orientation angle decreases monotonically towards a limiting value of zero. The range of strain for droplets that stretch is limited, since the ends of the droplet eventually leave the field of view. However, the initial part of the deformation is the most difficult to model. Again we see excellent agreement between Wetzel and Tucker's theory and the experiment. Maffettone and Minale's theory can be fitted to this data, but the fit has significant errors in both the early and late stages of the experiment.
Experiments were also performed with a viscosity ratio λ = 0.095, and a sample data set is shown in Fig. 7 . At this viscosity ratio the droplet stretches, and its initial stretch rate is greater than that of the matrix. Figure 7 shows that the experiments agree very well with Wetzel and Tucker's theory for the projected semiaxes a and b. This droplet is initially oriented at about −45
• with a nearly circular shape, but it quickly re-orients close to +45 • as it begins to strain, and this is also captured nicely by the theory. Maffettone and Minale's theory is qualitatively correct, but not nearly as accurate.
For droplets with λ < 1 Wetzel and Tucker's theory predicts that the droplet axis in the vorticity direction widens as the droplet is sheared. The axis that widens is not directly visible in our experiments, but since the theory correctly predicts the two visible axes for the experiment in Fig. 7 , from conservation of volume we know that the droplet must be widening as the theory predicts.
Intermediate viscosity ratio
Experiments were also performed at an intermediate viscosity ratio of 5.73, which is close to the transition between monotonic stretching and the periodic tumbling and wobbling behaviors. Figures 8 and 9 show two different experiments at this viscosity ratio. Interestingly, at this viscosity ratio the droplet can exhibit either stretching or wobbling. Figure 8 shows a droplet that is wobbling. The axis lengths change periodically, like the rotating behavior in Fig. 5 , but the orientation oscillates within fixed range around φ = 0. Wetzel and Tucker's theory again matches this behavior very well. Maffettone and Minale's theory again predicts too short a period, and for this initial condition it predicts tumbling rather than wobbling.
The droplet in Fig. 9 , which has the same viscosity ratio, displays what appears at first glance to be stretching behavior. Wetzel and Tucker's theory again matches the data very accurately. If we continue the prediction of the droplet behavior for longer times, we find that this droplet is actually tumbling. Wetzel and Tucker's theory predicts a period of approximately 84 strain units and a maximum length of the a * axis of 6.75. We cannot follow this droplet in our experiment, since the droplet becomes longer than the field of view of the camera. Also the curvature of the streamlines begins to have an effect when the droplet becomes this long. The best fit of Maffettone and Minale's theory to this data, as determined by our fitting program, is also a tumbling behavior, but the period and amplitude are very different from the real behavior.
The difference between the two experiments in Figs. 8 and 9 is the initial shape of the droplet. Even though the initial semi-axis lengths are similar, the initial orientation angles are significantly different. So the initial shape and orientation are responsible for the deformation the droplet experiences for intermediate viscosity ratios. Wetzel and Tucker's theory provides an excellent match to the data for both behaviors.
Conclusion
The agreement between the experiments and the theory of Wetzel and Tucker (2000) is excellent in all cases, requiring only that the initial droplet shape be close to an ellipsoid. For viscosity ratios of 1.29 and less, only stretching behavior is observed. Droplets with viscosity ratios greater than five were seen to tumble or wobble, depending on their initial shape and orientation. All of these behaviors were accurately predicted by the theory.
The theory of Maffettone and Minale (1998) , in the limit of zero interfacial tension, shows most of the right qualitative behaviors, but is not quantitatively accurate. The differences between this theory and the experiments shows that our data-fitting procedure cannot compensate for deficiencies in a theory, and emphasizes the accuracy of Wetzel and Tucker's theory.
The main experimental issue for droplets with zero interfacial tension is the production of a droplet with a suitable initial shape. This was accomplished here by forming the droplet in a third fluid, hardening the droplet by cooling, then placing it in the experimental matrix and allowing it to equilibrate at room temperature. This technique does not guarantee a perfectly ellipsoidal droplet, but small departures from the ellipsoidal shape do not significantly alter the behavior of the droplet. Droplets that are significantly non-ellipsoidal will deform much differently than the theory predicts.
These results provide strong support for the theory of Wetzel and Tucker (2000) . Many important aspects of droplet behavior are not represented by this theory, including retraction, breakup, and coalescence. Also, the theory is limited to Newtonian droplets in a Newtonian matrix. However, Wetzel and Tucker's theory may now be regarded as an useful limiting case to which other more general theories can be compared.
